Chronic aerobic exercise lowers blood pressure (BP), peripheral resistance and cardiac work, and is used widely in antihypertensive and cardiac rehabilitation programmes. In this study, we tested the hypothesis that the cardiovascular benefits of training would occur progressively over several weeks and would diminish over a similar time course on termination of training. In all, 17 young, healthy men undertook a 4-week programme of cycle ergometry (30 min at 60% VO 2peak 3-4 times/week) and 13 subjects matched for age, body mass index and fitness acted as controls. Resting BP and rate-pressure product (RPP) had fallen significantly after only 1 week's training and reached a nadir after 2 weeks training. At this time, BP had fallen from 12177/ 6676 to 11075/5777 mmHg and resting RPP had fallen from 85710 to 7179 (mmHg (beats min À1 )) À2 (Po0.001 each). In parallel, resting forearm conductance had risen from 0.02670.010 to 0.05270.029 (ml min À1 ) 100 ml À1 mmHg À1 and peak reactive hyperaemia following 3 min brachial artery occlusion was increased from 0.10570.031 to 0.20970.041 (ml min À1 ) 100 ml À1 mmHg À1 (Po0.001 each). No significant further circulatory changes occurred over weeks 3-4 of training. On cessation of training, all values returned to pretraining levels within between 1 (SBP, RPP, vascular conductance) and 2 (DBP, MAP, heart rate, reactive hyperaemia) weeks. The results indicate that the optimal cardiovascular benefits of moderate exercise occur rapidly. At least with short training programmes, the benefits regress once training stops just as quickly as they appeared.
Introduction
Chronic aerobic exercise lowers blood pressure (BP) and systemic vascular resistance, improves functional capacity and reduces the risk of cardiovascular morbidity. [1] [2] [3] [4] [5] These properties mean that aerobic exercise is a mainstay of antihypertensive and cardiac rehabilitation programmes.
In order to optimize the therapeutic value and cost effectiveness of exercise in a health-care setting, it is important to understand the mechanisms involved in the cardiovascular changes, to know how rapidly they are induced and to know how rapidly they regress if physical activity ceases. The issues of latency and persistence of adaptations are particularly significant for cardiac rehabilitation, since the supervised programme of training is typically only a few weeks in duration and clinical follow-up may not occur until at least several months later.
At present, a number of uncertainties exist. Firstly, there is disagreement as to whether training confers similar benefits on all populations; for example, some studies suggest that significant effects at least on BP may be restricted to certain groups of individuals. 6, 7 Second, it is uncertain how long training should continue to confer maximal benefits. Isolated reports have noted reduction in resting BP 3, 8 and pressor responses to stressors 9 within matters of weeks, but most studies have involved training of the order of several months or more. Third, it is not known how long any circulatory benefits persist once training terminates. Fourth, most studies have focussed on changes in BP, without assessing how this correlates with directly cardioprotective parameters such as cardiac workload and peripheral vascular conductance. Lastly, while the fall in vascular resistance that accompanies training is thought to involve both local endothelium-dependent dilator capacity [10] [11] [12] and reduced sympathetic vasoconstrictor drive, [13] [14] [15] it is not known whether these processes respond equally rapidly. As part of a project to rationalize the design and application of cardioprotective exercise strategies, we have followed the changes in BP, cardiac work and peripheral vascular conductance that accompany a 4-week programme of moderate aerobic training and a subsequent 4-week period of detraining, in a population of normal young men. In association with this, we have attempted to assess the involvement of different mechanistic processes by measuring reactive hyperaemia as an index of local vascular behaviour, the pressor response to handgrip as an index of sympathetic drive and arterial pulse wave reflection as an index of arterial stiffness. Our hypotheses were that: (i) the circulatory changes during training would develop progressively over at least several weeks; (ii) they would regress with a similar time course when training stopped and (iii) these changes would be accompanied by parallel alterations in local vascular and systemic neural modulators of vascular tone.
Methods

Study protocol
Advance approval was obtained from the local human ethics committee and the study was carried out in accordance with institutional guidelines and the Declaration of Helsinki. All participants gave written informed consent. Subjects were 30 healthy, nonsmoking, sedentary male Caucasians (age 2172 years, body mass index (BMI) 2373 kg m À2 VO 2peak 4674 ml min À1 kg À1 (means7s.d.)) recruited from the College student population. Following an initial medical examination to exclude cardiorespiratory, musculoskeletal or haematological abnormalities, each subject's absolute fitness was determined by incremental maximal workload testing on a cycle ergometer. They were then assigned to a training (n ¼ 17) or to a control (n ¼ 13) group. Owing to the relatively small number of subjects involved, it was not realistic to make these group allocations by strict randomization. Instead, a pseudo-random allocation was undertaken to ensure that the distributions of BMI and fitness were similar for training and control populations. The baseline characteristics of each group are shown in Table 1 . Control subjects were instructed to maintain their normal sedentary lifestyle. Training subjects undertook a 4-week exercise protocol that consisted of 30-min sessions of cycle ergometry at 60% VO 2peak , with three sessions in the first week and four sessions in each of the 3 succeeding weeks. This corresponded to an additional energy expenditure of around 820 kcal or 4 MJ during the first week and around 1100 kcal or 5 MJ during each successive week. At the end of the training period, nine of the trained subjects and six control subjects were studied for a further 4 weeks, during which they were all instructed to maintain a lifestyle as similar as possible to that before commencement of the study.
Measurement of circulatory parameters
Before training commenced and at weekly intervals thereafter, all subjects attended the laboratory for assessment of cardiovascular function. For the trained group, these assessments took place at least 24 h after the last training session of a week in order to avoid post-exercise hypotension. 16 Assessment was carried out in a quiet environment at a temperature of 20-221C. The time of day was held constant for each individual and subjects were instructed to fast for at least 3 h prior to testing and to abstain from alcohol and caffeine-containing beverages for at least 12 h.
Beat-to-beat phasic BP was measured by applanation tonometry of the radial artery at the wrist (Colin CBM7000, Courbevoie, France), calibrated against an oscillometric signal from the brachial artery at heart level. Heart rate (HR) was monitored from a thoracic ECG. As an index of systemic vascular function, forearm blood flow was measured by venous occlusion plethysmography using indium/galliumin-silastic strain gauges (Medatronics, Fremont, CA, USA), with a venous occlusion pressure of 40 mmHg and an automated cuff cycle time of 4 s inflation/6 s deflation. Following a seated stabilization period of at least 10 min, BP and HR were recorded at rest and during isometric handgrip to volitional fatigue at 50% maximal power, and forearm blood flow was recorded at rest and during reactive hyperaemia following 3-min arterial occlusion of the brachial circulation above the elbow. Both BP and blood flow were recorded from the nondominant arm.
Data were written to disk using a Powerlab 8/SP data acquisition system (AD Instruments, Sydney, Australia) and stored for analysis. All data points recorded represented averages of at least three consecutive cardiac cycles for BP and HR, or at least three consecutive cycles of venous occlusion for forearm blood flow. Cardiac rate-pressure product (RPP (mmHg (beats min À1 ))
À2
) and forearm vascular conductance ((ml min À1 ) 100 ml À1 mmHg
À1
) were computed. The phasic BP waveform was used to derive two indices of peripheral wave reflection that are proportional to arterial stiffness ( Figure 1 ). The first of these was the reflection time (ms) between the primary and secondary (reflected) peaks on the pressure wave, 17, 18 the second was the radial augmentation index, which represents the ratio between the amplitudes of primary and secondary peaks. Time course of circulatory adaptations to training Á Murray et al
Statistical analysis
Within-group pretraining/post-training differences in fitness and BMI were assessed by a paired twoway Student's t-test. Within-group time dependence of measured or computed values was assessed using one-way repeated-measures ANOVA with a post-hoc Dunnett test, and overall evaluation of cardiovascular responses to training was performed using twoway ANOVA with time as the repeated measure. In all cases, significance was assumed at Po0.05.
Results
Effects of training on physical fitness
The training programme produced a small increase in absolute fitness from an initial VO 2peak of 4574 ml min À1 kg À1 at week 0 to a post-training (week 4) value of 5277 ml min À1 kg À1 at week 4 (Po0.001). Correlational analysis of individual subjects showed that this increase in fitness was not associated with any significant change in BMI. No change in fitness was seen in the control group (week 0: 4777, week 4: 4673 ml min À1 kg À1 ).
Effects of training on BP, HR and cardiac workload
Within-group analysis showed that there were significant falls in SBP (Po0.01), DBP (Po0.01) and MAP (Po0.001) after 1 week of training ( ¼ week 1), with further reductions over the second training week (Table 2) . No additional reduction occurred with further training. Resting HR was not altered from pretraining after week 1, but was reduced at the end of week 2 and fell further as the programme continued ( Table 2 ). Resting RPP fell significantly at week 1 and further at week 2 and thereafter remained constant (Table 2) . Two-way analysis of the data showed no significant differences between training and control groups for any parameter at the end of the first week's training. There were significant intergroup differences for SBP and RPP after 2 or more weeks' training and for DBP, MAP and HR after 3 or more weeks' training (F-values SBP 14.331, DBP 6.733, MAP 10.986, HR 9.435, RPP 11.527).
Effect of training on forearm vascular conductance
Within-group analysis showed a nonsignificant upwards trend in resting conductance at the end of week 1; after the second week's training, conductance was doubled from the pretraining value (Po0.01) and remained stable thereafter ( Table 3) . The peak conductance recorded during reactive hyperaemia was increased by around 60% (Po0.001) after 1 week's training, and was increased further by the end of week 2 to a value around 200% of that seen pretraining. No further changes were seen over weeks 3-4 (Table 3, Figure 2 ). Two-way analysis of the data showed that resting forearm Figure 1 Applanation tonometry pulse wave recorded from the radial artery, showing the two indices used to assess arterial wall stiffness: (i) the time between primary and reflected pressure peaks (reflection time (RT)) and (ii) the ratio between amplitudes of the reflected and primary pressure peaks (radial augmentation index (RAI)). 
Effect of training on cardiovascular responses to handgrip
Owing to the progressive changes in resting BP and HR during training, the magnitudes of pressor and tachycardic responses to handgrip were assessed in terms of incremental changes from baseline rather than from the peak values attained. Sustained handgrip to fatigue elicited a pretraining rise in MAP of 42720 mmHg and elevated HR by 37710 beats/min. No appreciable change in magnitude of the pressor response was seen at any time during training. By contrast, there was a fall in the magnitude of tachycardia responses in weeks 3 and 4 that resulted in reduced peak cardiac workload at these times (Table 4) . No changes were observed in the control group (Table 4) .
Effect of training on arterial stiffness
Prior to training, the period between the first and second peaks on the arterial pressure wave (reflection time) was 27.972.2 ms and the radial augmentation index was 0.4270.09. These values remained unchanged through the 4 weeks of training (Table 5) .
Regression of cardiovascular effects after cessation of training
In the subgroup of subjects studied during detraining, the absolute magnitudes of all parameters pretraining and the magnitudes of adaptations to training were similar to those described above for the whole cohort (Table 6) . Within-group analysis showed that after cessation of training, resting SBP, RPP and resting forearm conductance had returned within 1 week to values that were statistically indistinguishable from pretraining levels. DBP, MAP and HR remained significantly lower than pretraining levels for 1 week detraining, but had returned to pretraining levels by the end of the second week (Table 6) . Similarly, the magnitude of the reactive hyperaemia response remained significantly elevated after 1 week's detraining, but was restored to the pretraining level by the end of the second detraining week (Table 6, Figure 3) . The time courses of regression of cardiovascular effects were identical when the data from this subcohort were analysed using a two-way approach, with significant differences between control and training groups for all parameters at week 4 and loss of this difference after 1 week's detraining for SBP, HR, RPP and 
Discussion
The major findings of this study were that (i) 1 week of moderate aerobic activity is sufficient to cause significant falls in both SBP and DBP, with a concomitant reduction in cardiac workload; (ii) with continued training, these changes reach a nadir after only 2 weeks and (iii) BP and cardiac workload return to pretraining levels within 1-2 weeks of training ceasing. The rapid changes of BP during both training and detraining were paralleled by changes in resting forearm vascular conductance, suggesting that they were secondary to the effects on total peripheral resistance, although we found no correlation between the absolute magnitudes of individual BP and conductance changes by regression analysis (data not shown). The increased vascular conductance could involve altered sympathetic drive and altered endothelial dilator capacity, both of which are known to be affected by chronic exercise. [10] [11] [12] [13] [14] [15] Our findings suggest some alteration of sympathetic drive by the end of the 4-week training period, since we saw reduction of HR at rest and attenuation of the tachycardic response to handgrip, although the pressor response was still not significantly changed. The training-induced changes in BP and vascular conductance, however, seem for several reasons more likely due to altered endothelial function than to altered neural inputs. First, the rise in resting forearm vascular conductance was tracked by the dramatically altered peak amplitude of reactive hyperaemia. While this phenomenon may have a complex basis, there is good evidence that it is in large part endothelium-dependent. [20] [21] [22] [23] [24] Second, the tachycardic response to handgrip remained stable during the initial 2 weeks of Table 5 Absence of effect of 4 weeks physical training on resting arterial wall stiffness (see Figure 1 for Time course of circulatory adaptations to training Á Murray et al training when resting BP and vascular conductance were changing. Third, in the only other study that has noted early reduction in BP with training, this was observed to occur considerably in advance of any change in plasma catecholamine levels. 8 It is not clear how chronic exercise increases systemic endothelial dilator capacity. One possibility is that repeated shear stress associated with the increased BP of exercise sloughs off ageing endothelial cells and so increases endothelial turnover, resulting in a greater proportion of young cells with higher capacity to produce dilator autocoids. 12 In this context, it is worth noting that we found significantly higher plasma levels of circulating endothelial cells in a subgroup of the present training cohort at week 4 than at week 0. 25 Nonetheless, chronic exercise may have a variety of additional effects on endothelial function that also contribute to reduced vascular resistance.
It has been reported widely that chronic physical activity is associated with increased large artery compliance. [26] [27] [28] Although basal arterial wall stiffness is determined by connective tissue composition, changes in stiffness usually involve alterations in the degree of smooth muscle activation. One obvious mechanism for this is altered sympathetic nerve activity, 29, 30 but recent evidence has suggested that altered release of endothelium-derived dilator factors can also be involved. 31, 32 It was therefore possible that elevated arterial compliance contributed to the increased vascular conductance and lowered BP that we saw. We used two separate indices of pulse wave reflection [17] [18] [19] to evaluate this, but neither index was altered with training. Thus, we find no support for endothelium-mediated elevation of arterial compliance contributing to the adaptive response to exercise, at least under our study conditions.
In terms of practical outcomes, interpretation of our data is limited by the fact that we studied young, healthy, male subjects whose physiology necessarily differs from that of a mixed-sex population of hypertensive or cardiac patients. However, we decided that the complexity of patient profiles made it advisable to first clarify the situation in a normal, single-sex population. A second limitation in applying our results is the absence of information on the minimum amount of exercise that induces circulatory adaptations. Previous studies have employed a range of exercise intensities, but the current consensus appears to be that moderate workloads are at least as effective as high-intensity exercise. [33] [34] [35] [36] We chose a moderate exercise intensity of 60% VO 2max , equating to approximately 8 MET, with a moderate total weekly workload of 800-1100 kcal. These levels are typical for supervised preventive programmes in cardiac patients and for supervised phase 2 (out-patient) rehabilitation. 6 The potential clinical benefits of this regimen are emphasized by our observation that resting cardiac workload, as measured by RPP, was reduced significantly after 1 week's training and reached a nadir of 20% below its initial value after only 2 weeks. However, the early (phase I) stages of cardiac rehabilitation, applied to in-patients, can involve exercise intensities as low as 2-3 MET. At present, we do not know whether such a minimal workload confers any significant cardioprotection as measured by objective indices.
Finally, information is still lacking on the amount of continued exercise needed once circulatory changes are in place. The rapidity with which near-maximal circulatory adaptations occur suggests that supervised exercise programmes in clinical settings may be able to be shortened without jeopardizing their therapeutic effectiveness, with significant implications for health-care costs. However, the equal or even more rapid reversal of these changes once training ceases emphasizes the need for patients to continue to exercise in an unsupervised setting. For this purpose, it will be crucial to ascertain the minimum amount of activity required to retain the benefits of the initial training programme. Time course of circulatory adaptations to training Á Murray et al
